Retroviruses are obligate intracellular parasites of eukaryotic cells. After reverse transcription, the viral DNA contained in the preintegration complex is delivered to the nucleus of the host cell, where it integrates. Before reaching the nucleus, the incoming particle and the preintegration complex must travel throughout the cytoplasm. Likewise, the newly synthesized viral proteins and viral particles must transit the cytoplasm during exit. The cytoplasm is a crowded environment, and simple diffusion is difficult. Therefore, viruses have evolved to utilize the cellular mechanisms of movement through the cytoplasm, where microtubules are the roads, and the ATP-dependent motors dynein and kinesin are the vehicles for retrograde and anterograde trafficking. This review will focus on how different retroviruses (Mazon-Pfizer monkey virus, prototype foamy virus, bovine immunodeficiency virus, human immunodeficiency virus type 1, and murine leukemia virus) have subjugated the microtubule-associated motor proteins for viral replication.
| INTRODUCTION
Viruses are obligate intracellular parasites. As such, they rely on cellular functions to replicate their genomes. Once in the cytoplasm, the limitations to free diffusion have forced viruses to evolve efficient mechanisms to manipulate the transport systems of the host. Almost all viruses are capable of subverting the microtubule transport system to facilitate their replication and spread. How dependent viruses are on the microtubule cytoskeleton relates to their replication strategies.
Several viruses use the microtubule motor system to deliver their genome or virion core to the replication site. This is particularly true for viruses that replicate in the nucleus. Other viruses take advantage of the microtubule cytoskeleton to move the newly assembled viral progeny to the plasma membrane.
Experiments in which microtubule depolymerizing agents have been used, such as colchicine, nocodazole, or vinblastine, have shown that the integrity of microtubules is essential for viral infection (reviewed in Dodding & Way, 2011; Leopold & Pfister, 2006;  Merino-Gracia, Garcia-Mayoral, & Rodriguez-Crespo, 2011) . It has also been proposed that many unrelated viruses, such as herpes simplex virus, adenovirus, hepatitis B virus, human cytomegalovirus, human immunodeficiency virus (HIV), African swine fever virus, papilloma virus, and rabies virus, are transported along the microtubules using microtubule-associated motor proteins (reviewed in Dodding & Way, 2011; Leopold & Pfister, 2006; Merino-Gracia et al., 2011) . The focus of this review is recent developments on how retroviruses associate and subjugate the microtubule motor system.
| RETROVIRUS REPLICATION CYCLE
Retroviruses cause a wide variety of diseases ranging from malignancies and neurological disorders to acquired immunodeficiency syndrome, caused by HIV type 1 (HIV-1). All retroviruses encode three major structural genes, called gag, pol, and env. Retroviruses can further be divided into simple and complex depending on the presence of additional genes. The Retroviridae family comprises two subfamilies, Spumaretrovirinae contains the genus Spumavirus, and Orthoretrovinae contains the genus Alpharetrovirus, Betaretrovirus, Gammaretrovirus, Deltaretrovirus, Epsilonretrovirus, and Lentivirus.
Retroviruses have a genome consisting of two copies of a singlestranded positive-sense RNA. They enter cells by binding specific cellular receptors on the cell surface. Subsequent to receptor binding, the virion membrane fuses with the host membrane either at the cell surface or after internalization into endosomes, and this fusion event delivers the virion core, that is, the viral capsid containing the viral genome and viral enzymes, into the cytoplasm. Once in the cytoplasm, this core particle, known as the reverse transcription complex, is exposed to nucleotide triphosphates, and this event activates the reverse transcriptase enzyme, which retrotranscribes the RNA genome into double-stranded DNA. Thereafter, this DNA traffics to the nucleus as part of the preintegration complex (PIC). The composition of the PIC varies among retroviruses and cell type, and although the full components are unknown, the PIC must at least contain viral DNA, integrase (IN), and capsid (CA) or Gag. Once in the nucleus, the DNA is permanently integrated into the host genome, by IN, to form the integrated provirus (reviewed in Goff, 2001 ).
The integrated provirus is transcribed by the host RNA polymerase II, and viral RNAs are processed and exported to the cytoplasm. This exported RNA has two fates: either it is translated into the viral proteins Gag, Pol, and Env (plus accessory proteins if they are encoded), which are then transported to the plasma membrane by vesicular, cytoskeletal, or other routes. Alternatively, the viral RNA will form the RNA genome of subsequent generations of viruses. Once a virus is assembled, it buds from the cell membrane as an immature particle.
Maturation of the virions is triggered by the viral protease (reviewed in Goff, 2001) , which involves the cleavage of Gag and Gag-Pol. Each step in this elaborate process requires the assistance of multiple host proteins, including the host cell cytoskeleton. From the point of view of infectious retroviruses, the host cytoskeleton is a track that facilitates the intracellular movement required for successful infection.
| MICROTUBULE-ASSOCIATED MOTOR PROTEINS
Microtubules provide a road for the long-distance transport of endocytic/exocytic vesicles, organelles, and for viral complexes (reviewed in Dohner, Nagel, & Sodeik, 2005; Dodding & Way, 2011). They are formed by heterodimers of α-and β-tubulin that assembly in a head-to-tail array to form protofilaments, and 13 protofilaments join to form a microtubule filament. Microtubules have a structural polarity:
The highly dynamic "plus" end grows and shrinks rapidly, and the "minus" end is tethered to the microtubule-organizing center (MTOC). Members of the kinesin superfamily are varied in shape, where the prototypical member kinesin-1, also known as conventional kinesin, forms a heterotetramer composed of two heavy (HCs) and two light chains (LCs). The microtubule binding motor domain is found in the N-terminus of the HC. Each HC dimer associates with two copies of kinesin LC, and although HC and LC can be encoded by different genes, a single kinesin-1 tetramer contains two identical HC and LC (Gyoeva, Sarkisov, Khodjakov, & Minin, 2004) . The cargo can bind directly to specific sites on the kinesin-1 HC and is capable of interacting with the motor via tetratricopeptide repeats, located in the C-terminal half of the kinesin LC. The expression of multiple kinesin LC splice variants, with different C-terminal domains contributes to cargo-binding specificity (Caviston & Holzbaur, 2006; Verhey & Hammond, 2009; Wozniak & Allan, 2006) .
Dynein is a complex with a relative molecular mass of 1.6 MDa, containing two copies of the ATPase motor domain, the dynein HC (DHC), and two intermediate chains (ICs), which directly bind the DHC. Three different LCs (DYNLT, DYNLL, and DYNLRB) bind to the IC at different sites. Two light ICs (LICs) bind to the DHC in an independent manner. Each DHC contains six tandem ATPase units (AAA1-6) arrayed in a ring shape and binds the microtubules via a small globular domain at the end of the stalk. Dynein is a minus enddirected motor responsible for many aspects of intracellular motility, including organelle transport (Hook & Vallee, 2006; Paschal, Shpetner, & Vallee, 1987) , retrograde axonal transport (Holzbaur & Vallee, 1994) , and virus retrograde transport (Dodding & Way, 2011; Merino-Gracia et al., 2011) . In vertebrates, the dynein ICs, LICs, and LCs are each encoded by two genes, and the dynein ICs and LICs may be alternatively spliced and present as different phospho-isoforms Wickstead & Gull, 2007) . These variations suggest that different versions of dynein might perform different tasks, by binding preferentially to specific cargo. Also, many studies have shown that dynein needs other molecules to work optimally. These accessory proteins (dynactin, NudEL/NudE, Lis1, Bicaudal D, and others) affect dynein's mechanochemistry, as well as being implicated in cargo binding (reviewed in Allan, 2011; Bader & Vaughan, 2010; Vallee, McKenney, & Ori-McKenney, 2012) .
| RETROVIRUSES AND MICROTUBULE-ASSOCIATED MOTOR PROTEINS
Viruses from different families depend upon microtubule-associated motors, dyneins and kinesins, for their transport inside the host cell, yet each seems to have a particular dynein and/or kinesin partner to mediate the movement (reviewed in Dodding & Way, 2011; Leopold & Pfister, 2006; Merino-Gracia et al., 2011) . For example, each retrovirus has a particular mechanism that mediates their movement along microtubules.
Foamy viruses are members of the Spumaretrovirus genus. The model foamy virus is prototype foamy virus (PFV) that was isolated from an African cancer patient. The PFV incoming particle traffics to the MTOC prior to nuclear translocation, and this targeting requires the activity of the dynein complex (Figure 1a) . Overexpression of a dominant negative peptide of the p150
Glued subunit of dynactin, which abolishes the activity of dynein, blocks the association of PFV PIC with the MTOC. The association of PFV and dynein is mediated by a direct interaction between a specific domain of the Gag protein and the dynein LC subunit DYNLL (Petit et al., 2003) . This association was demonstrated by co-immunoprecipitation and co-localization assays, but the isoform of DYNLL responsible was not defined. Env and Gag co-localize at the MTOC and are cotransported in an anterograde manner (Pereira et al., 2014; Sfakianos & Hunter, 2003) .
When cytoskeleton disruptive drugs were used, the anterograde transport of M-PMV Gag and Env was interrupted (Pereira et al., 2014) , suggesting that kinesin might mediate trafficking of the newly formed viral particle from the MTOC to the plasma membrane ( Figure 1c) . The M-MPV genomic RNA (gRNA) also has to arrive to the assembly site; this is mediated by nuclear export elements present in the gRNA that govern the trafficking behavior of the genomes (Pocock, Becker, Swanson, Ahlquist, & Sherer, 2016) . Whether the gRNAs of retroviruses that assemble at pericentriolar regions interact with dynein or kinesins remains to be determined.
One of the most widely studied retroviruses is the lentivirus, HIV-1, which is related to several lentiviruses of veterinary importance, Figure 1a ). Further to the mechanism of this association, the authors found that the CA protein of BIV directly interacts with the dynein LC DYNLL and that DYNLL is the linker between BIV particles and microtubules (Su et al., 2010) .
In the case of HIV-1, the inhibition of dynein activity by microinjection of anti-IC antibodies abrogates viral transport to the nucleus during early stages of infection (McDonald et al., 2002) , and the use of a dynein LC peptide, corresponding to the C-terminal 19 amino acids of DYNLL, inhibits HIV-1 infection in cultured cells (Fontenot et al., 2007) . Gallo and Hope (2012) have reported that DNAL1, the LC of axonemal dynein, is necessary for HIV-1 infection independent of viral entry, and they also showed a dependency on DNAL1 for murine leukemia virus (MLV) infection, although the results were not as striking as for HIV-1. Even though the net movement of the incoming HIV-1 particle is retrograde, live cell imaging of the incoming particle by several groups has shown that microtubule-based bidirectional movement is present (Arhel et al., 2006; Malikov et al., 2015; McDonald et al., 2002) . Indeed, the kinesin-1 HC adaptor FEZ1 associates with HIV-1 capsids and regulates early transport of incoming particles (Malikov et al., 2015) . ing candidate could be DYNLT1, which mediates nuclear import of the HIV-1 accessory protein, Vpr (Caly et al., 2016) . However, the role of DYNLT1 in mediating retrograde transport or nuclear localization of HIV-1 PIC remains to be determined. Another interesting candidate could be DYNLL1, which is important for reverse transcription and interacts with HIV-1 IN (Jayappa et al., 2015) . However, in our hands, DYNLL1 seems to be dispensable for HIV-1 infection, which might be due to the different cell lines used in the assays.
Recently, the microtubule-associated protein 1 (MAP1) was found to interact directly with HIV-1 CA (p24) protein. Depletion of MAP1 reduced capsid core associations to both stable and dynamic microtubules, and the authors suggested that MAP1 might tether capsid cores to the microtubule network, thus promoting cytoplasmic trafficking (Fernandez et al., 2015) . MAP1 binds along the microtubules with the primary role of stabilizing the microtubules (Halpain & Dehmelt, 2006) . Although is not a motor protein, MAP1 has been suggested to have a role in regulation and cargo binding of microtubule-associated motors (Atherton, Houdusse, & Moores, 2013) . Recent work confirmed HIV-1 infection needs stable microtubules and suggested that MAP1 might provide an anchor point for HIV-1, mediated by p24 at the plus end of the microtubules (Fernandez et al., 2015) . LCs have a role in infection and or retrograde transport of the abovementioned retroviruses, we wondered if they were also important for MLV infection. We demonstrated that only DYNLRB2 was significantly relevant for MLV infection, because silencing of DYNLRB2 by shRNA reduced MLV infection and overexpression of DYNLRB2 enhanced MLV infection (Opazo et al., 2017) . Hence, DYNLRB2 is a very important factor for successful MLV infection. Although currently there is no evidence for a physical interaction between MLV proteins and Dynlrb2, a functional association is in line with the idea that all retroviruses use microtubule-associated motors and that each retrovirus virus exploits a particular component of the dynein complex.
| CONCLUSIONS
Retroviruses depend on the microtubule cytoskeleton and the dynein and kinesin motors for several steps of their replication cycle. Although this requirement seems to be common among the retroviruses analyzed so far, the specific needs of each retrovirus appear to be different. We still have a lot to learn about how retroviruses, particularly HIV-1, subvert microtubule motors. An understanding of the strategies used by these viruses to bind dynein and kinesin will provide important clues to the design or development of new antiretroviral drugs that can specifically disrupt intracellular viral trafficking.
